During vertebrate embryogenesis, the formation of reiterated structures along the body axis is dependent upon the generation of the somite by segmentation of the presomitic mesoderm (PSM). Notch signaling plays a crucial role in both the generation and regulation of the molecular clock that provides the spatial information for PSM cells to form somites. In a screen for novel genes involved in somitogenesis, we identified a gene encoding a Wnt antagonist, Nkd1, which is transcribed in an oscillatory manner, and may represent a new member of the molecular clock constituents. The transcription of nkd1 is extremely downregulated in the PSM of vestigial tail (vt/vt), a hypomorphic mutant of Wnt3a, whereas nkd1 oscillations have a similar phase to lunatic fringe (L-fng) transcription and they are arrested in Hes7 (a negative regulator of Notch signaling) deficient embryos. These results suggest that the transcription of nkd1 requires Wnt3a, and that its oscillation patterns depend upon the function of Hes7. Wnt signaling has been postulated to be upstream of Notch signaling but we demonstrate in this study that a Wnt-signal-related gene may also be regulated by Notch signaling. Collectively, our data suggest that the reciprocal interaction of Notch and Wnt signals, and of their respective negative feedback loops, function to organize the segmentation clock required for somitogenesis.
Introduction
Somites are transient structures that are only observed during embryogenesis, and their reiterated nature in vertebrates is an important foundation for the generation of metameric structures such as vertebrae, ribs, spinal nerves and skeletal muscle. The somites are formed sequentially in an anterior to posterior direction, concomitant with the posterior extension of the tailbud. Once the paraxial mesoderm is generated from the tailbud, the cells are known to then be under the control of the segmentation clock (or molecular clock) and acquire periodic properties (Pourquié, 2001) . Among the several genes that have been implicated in somitogenesis, those involved in the Notch signaling pathway are now known to play major roles. The experimental and genetic evidence that is now accumulating also indicates that Notch signaling is a component of the molecular clock that governs temporal control, and that it is also required for the establishment of the rostro-caudal polarity of somites within the presomitic mesoderm (PSM) prior to segment border formation (Takahashi et al., 2000) . The molecular mechanisms underlying these events have recently begun to be more fully understood. There could, however, be additional genes and/or signaling pathways involved in somitogenesis. In fact, Wnt signaling is implicated in both the generation and maturation of tailbud cells (Takada et al., 1994) , whereas FGF signaling has been shown to be important for the maintenance of immature PSM cells prior to segmentation (Dubrulle et al., 2001; Sawada, 2001) .
Previously, we cloned the gene Mesp2, which encodes a bHLH-type transcription factor (Saga et al., 1997) and is transiently expressed in the rostral PSM (in either S-1 or S-2: we refer a forming somite as S0) before segment border formation occurs. Additionally, Mesp2-null mice show defective somitogenesis due to a lack of a rostral somitic compartment. Recent genetic analyses have also now revealed that Mesp2 functions in a Notch-signaling feedback network (Takahashi et al., 2003) . Mesp2 stimulates Notch1 expression and suppresses Dll1 expression, whereas both Notch 1 and Dll1 appear to be required for either the activation or maintenance of Mesp2 expression. However, no direct targets of Mesp2 have yet been identified.
In order to identify putative downstream target genes of Mesp2 and to further elucidate the molecular mechanisms underlying the formation and maturation of PSM cells, which are required for somite segmentation, we generated two subtractive cDNA libraries and screened them by in situ hybridization (ISH). We subsequently obtained more than 30 clones that are expressed in either the somite, the PSM and/or the tailbud. Among these genes, we identified several known components of the Wnt signaling pathway, and we focused in particular on the mouse nkd1 gene which is expressed in an oscillatory manner in the PSM. nkd is a homolog of the Drosophila segment polarity gene naked cuticle (nkd), which encodes an antagonist of Wg activity (Zeng et al., 2000) . It has been shown that mouse Nkd1 can bind Dishevelled and antagonize canonical Wnt signaling (Yan et al., 2001a; Wharton et al., 2001) . Furthermore, it has also recently been reported that Axin2, which encodes an inhibitor of Wnt signaling, exhibits a cyclic expression pattern during somitogenesis and may play a key role upstream of the segmentation clock generated by Notch signaling (Aulehla et al., 2003) . Our comparative analyses of such cyclic genes suggest that nkd1 is a component of these pathways that exhibits an oscillatory expression pattern, which may act as a link between the Notch and Wnt signaling cascades and contribute to the establishment of the segmentation clock. Fig. 1 . Schematic representation of subtractive cDNA library protocols. Subtraction was carried out with cDNAs derived from the dissected portions of either wild-type (WP and WS) or Mesp2-null (HPS) 11.5 dpc embryos. Two different types of oligonucleotide linker-primers were utilized to prepare either tester or driver cDNAs. After three rounds of subtraction, the efficiency of the method was validated for the Mesp2 (specific RNA to the PSM) and G3PDH (ubiquitous RNA) genes by PCR. After the cloning steps, we designated the generated subtractive libraries as 
Results

Screening strategy
Our study has two fundamental aims; to isolate and identify novel genes that are expressed specifically in the PSM and to characterize novel genes that function downstream of Mesp2. To accomplish these goals, we constructed two subtractive cDNA libraries, designated PTS and ST (Fig. 1 ). The enrichment of specific genes was validated by PCR, using either G3PDH-(a ubiquitously expressed gene) or Mesp2-(a PSM specific gene) specific primers. G3PDH cDNA was found to have been successfully depleted, whereas Mesp2 cDNA was still evident after repeated subtractions (Fig. 1) , suggesting that the subtractive hybridizations had worked effectively. After partial sequencing of randomly selected clones (406 for the PTS and 636 for the ST libraries), an initial search of the GenBank database in NCBI was done using blastn and known genes were removed. As a further screening strategy, we utilized the whole mount ISH technique, using the tail regions of 11.5 dpc embryos. The total number of clones that we subsequently screened by ISH were 251 and 280, for PTS and ST libraries, respectively.
After completion of the ISH screening, we identified more than 30 clones that showed expression in the somite and/or PSM regions. Further sequencing and homology searches using the Celera database identified some of these as regions of known genes (Table 1) .
Characterization of genes obtained by subtractive hybridization
Blastn searches of the GenBank and Celera genome databases identified genes, such as lymphoid enhancer factor-1 (LEF1), that were represented by a number of redundant clones. The clones ST676, PTS566, and PTS629 encode portions of LEF1 cDNA and ST686, ST762, PTS286, and PTS360 were also identified as intronic sequences of the LEF1 gene (Table 1 and Fig. 2 ). During this screening we often obtained intronic DNAs, probably due to the unspliced heterogeneous RNAs since we prepared RNA from whole cells containing nuclei. The intronic DNA fragments sometimes gave rise to different expression patterns, compared with those obtained using exon probes, and these were initially classified differently, as in the case of LEF1 (Fig. 2 ) a known nuclear effecter of the Wnt/ b-catenin signaling pathway (Porfiri et al., 1997; Hsu et al., 1998) . The expression of intronic LEF1 was observed as an intense band in either S-1 or S-2 of the PSM, in a pattern similar to Mesp2, and a lower intensity signal was also observed in the middle PSM. Interestingly the expression was expanded anteriorly in Mesp2-null embryos, which is also observed for several genes such as L-fng or Dll1 (Nomura- Kitabayashi et al., 2002) . The frequent appearance of this gene, showing these expression patterns, indicated that our strategy could successfully isolate genes that are specifically expressed in the PSM. This was also confirmed for the ST library, from which we isolated two clones, ST313 and ST623, which were identified as neuropilin-2 and laminin5, respectively, and these expression profiles were observed to be confined to the rostral part of somites and are downregulated in Mesp2-null embryos (Table 1 and Fig. 2 ). Another ST clone, ST371 was identified to be an intronic sequence for laminin alpha1, which expression was expanded anteriorly in Mesp2-null embryos (Table 1 and Fig. 2 ).
Homology searches of the Celera database also determined that clone ST736 contained sequences encoding Axin2 (also named conductin) which functions as a negative regulator of Wnt signaling by inducing b-catenin degradation (Behrens et al., 1998) . The expression pattern of mouse Axin2 exhibits oscillation in the PSM (Aulehla et al., 2003) , with different phase properties from those of L-fng, which is an oscillating gene in the Notch signaling pathway. Interestingly, although Axin2 expression still oscillates when Notch signaling is impaired, a stable stripe of Axin2 transcripts, in the anterior-most PSM of wild-type embryos, was not observed in Dll1-null mutants (Aulehla et al., 2003) . We isolated this clone from our ST library, which may indicate that Axin2 expression is controlled either directly or indirectly by Mesp2. As shown in Fig. 2 , we also observed that the anterior stripe of the Axin2 transcripts became diffuse and did not form a clear band in Mesp2-null embryos. Celera database searches indicated that the clones PTS124 and PTS338 were intronic sequences of 'M-SEM F cytoplasmic domain-associated protein 3' (semcap3), the expression of which becomes diffuse in the Mesp2-null embryo (Fig. 2) . A Xenopus homolog of the semcap/GIPC family, kermit, interacts directly with the cytoplasmic portion of the Wnt receptor, frizzled, via its PDZ domain and modulates its signaling activity (Rasmussen et al., 2001; Tan et al., 2001 ). However, semcap3 has low homology with other family members, and no function has so far been postulated for this protein. PTS474 was identified as 'Ets variant gene 5 (ETV5)', encoding a transcription factor that contains an Ets DNA binding domain. ETV5 is expressed in both the tailbud and middle PSM, but not in the anteriormost PSM, and this expression subsequently reappears at the segmental border (Fig. 2 ). In the Mesp2-null embryo, however, the anterior expression of ETV5 becomes indistinct. Recently, it has been reported that mouse ETV5 is expressed in the epithelium of the developing lung and plays a role in epithelial-mesenchymal interactions during lung organogenesis (Liu et al., 2003) , but its function in the PSM is still unknown. PTS642 was identified to encode Ets2, another Ets-transcription factor and the expression is downregulated in Mesp2-null embryo (Fig. 2) . The expression pattern during morphogenesis has been described (Ristevski et al., 2002) . Targeted mutation of Ets2 is reported to result in embryonic lethal before 8.5 dpc due to the defective trophoblast function. However, rescued mice by aggregation with tetraploid embryos are viable and no defect in somitogenesis is reported (Yamamoto et al., 1998) . Using either Celera or GenBank database searches, there was no homology detected between PTS378 and known genes. In addition, this clone is unique as it is upregulated in the absence of Mesp2 (Fig. 2 ), which was a rare finding during our subtraction analyses. We speculate that this clone may in fact be a member of the non-coding RNAs. PTS542 was identified as a gene encoding Naked cuticle 2 (Nkd2), the transcript of which is detected in the middle PSM, and it seems that Mesp2 mutation does not affect the expression pattern of nkd2. Naked cuticle was first identified as a Drosophila segment polarity gene (Zeng et al., 2000) and mutation of this gene in the fly embryo causes similar phenotypes to excess Wg expression, indicating that Naked cuticle functions as an inhibitor of Wg signaling. Since another Nkd protein in the mouse, Nkd1, can antagonize Wnt signaling in both cultured cells and in Drosophila embryos (Wharton et al., 2001) , we determined whether nkd1 is also expressed in the PSM and found that it exhibited an interesting expression pattern.
2.3. Mouse nkd1 mRNA oscillates in the PSM nkd1 mRNA is first detected in the PSM and in the central nervous system of the 8.0 dpc embryo (Fig. 3A,B) . In the 10.5 dpc embryo, nkd1 expression is then observed in newly formed somites and in the neural tube, and was found to be maintained in the PSM (Fig. 3C) . However, this expression pattern in the PSM varied among embryos and the signal was detected in either the middle of the PSM and tailbud (Fig. 3D ) or in the more anterior PSM without tailbud (Fig. 3E ). This suggests that the nkd1 expression pattern changes in a short time in the PSM. To further analyze the precise transcriptional regulation of nkd1, we designed an RNA probe that was complementary to intronic sequences within the nkd1 gene. Because this probe does not hybridize to mature spliced mRNA, we could therefore exclusively detect premature nkd1 mRNA. Using the intronic RNA probe, we detected various expression patterns of nkd1 in 11.5 dpc embryos (Fig. 3F-H) , which could be categorized into three different phases, similar to other cyclic genes (Palmeirim et al., 1997; Bessho et al., 2001; Aulehla et al., 2003) : Phase I: lower nkd1 signal intensities in the tailbud. Phase II: nkd1 transcripts are evident in the middle of the PSM in addition to the tailbud. Phase III: the nkd1 signals shift more anteriorly. These results indicate that nkd1 expression oscillates in the PSM during somitogenesis. However, another member of this family of genes, nkd2 did not exhibit such periodic expression, although its expression was observed in the PSM (Fig. 2) . Fig. 3 . Expression patterns of mouse nkd1. nkd1 mRNA was detected with an exon probe at 7.5 dpc (A), 8.5 dpc (B), 10.5 dpc (C-E). nkd1 transcripts are first detected in the central nervous system and in the PSM of 8.5 dpc embryos (B). In the 10.5 dpc embryo, nkd1 expression is detected in the neural tube, dermomyotomes, somites and the PSM (C). Different expression patterns were detected using the exon probe (D,E). Arrowheads indicate signals in the PSM. (F-H) nkd1 transcripts were detected using an intron probe in the tail region of 11.5 dpc embryos. Note that the expression is very weak in phase I (F), becomes stronger in the middle PSM in phase II (G) and is confined to the anterior PSM in phase III (H). (I-M) An embryo half culture experiment indicating the oscillation of nkd1 expression. The 11.5 dpc embryo tails were cut into two halves at the midline. The left side was fixed immediately and the right side was fixed after 60 min (I-K) or 120 min (L) cultivation. Black and red arrowheads in (L) indicate segment border existed at 0 min and a newly formed border after 120 min, respectively. An intron probe was used for the ISH.
To further confirm the cyclic expression profile of nkd1, we performed in vitro cultures of bisected PSM, by fixing one half of the isolated tissue immediately and the additional half after a period of culturing. After 60 min, the expression patterns of nkd1 in cultured PSM cells were altered from those of the uncultured portion (Fig. 3I-K) . The change was most evident in the middle to anterior PSM, where the expression was seen to go from zero to strong levels and vice versa. After 120 min, the same pattern was observed which accompanied the formation of a new somite (Fig. 3L ). These observations demonstrate that nkd1 expression oscillates in the PSM during somitogenesis.
Comparisons of nkd1 expression patterns with other oscillatory genes
There are several genes that show periodic expression patterns during somitogenesis. The Notch-signaling related genes, L-fng and hes7, are transcribed with a similar oscillatory phase (Bessho et al., 2001) , whereas the Wnt inhibitor Axin2 has a different expression phase from these factors (Aulehla et al., 2003) . To elucidate which of these signaling pathways is involved in the regulation of nkd1 expression, we compared the expression patterns of nkd1 with those of either L-fng or Axin2 in dissected embryo halves. Surprisingly, nkd1 was found to be expressed in the same phase as L-fng in the middle PSM (Fig. 4A-C) , although its expression was not observed as a narrow band in the anterior PSM, as is the case for L-fng (Fig. 4B ).
These expression patterns are similar to those of the hes7 transcripts detected with an intronic probe (Bessho et al., 2003) . The oscillatory expression of both L-fng and of hes7 itself is negatively controlled by Hes7 (Bessho et al., 2003) . Thus, it appeared possible that nkd1 expression would also be controlled by Hes7. On the other hand, the expression domains of nkd1 and Axin2 were obviously out of phase (Fig. 4D-F) . For example, Axin2 expression is not highly upregulated in the middle PSM where nkd1 is strongly detected as phase II (Fig. 4E) . nkd1 expression is also detected as phase III in regions where Axin2 expression is downregulated (Fig. 4F ) and these spatial relationships resemble those of Axin2 versus L-fng (Aulehla et al., 2003) . These observations suggest that the oscillation of nkd1 expression is regulated in a similar fashion to L-fng.
The oscillation of nkd1 expression is controlled by Hes7
To further confirm that the regulation of nkd1 is under the control of the segmentation clock, via Notch signaling, we examined nkd1 expression in the absence of Hes7 (Fig. 5A-C) . In each of the Hes7-null embryos that we analyzed (nZ7), the pattern of nkd1 mRNA was similar. Strong expression was observed at the middle PSM, and weaker signals were observed in the remaining PSM. In comparison to wild-type embryos (Fig. 5D,E) , it appeared that nkd1 expression levels are upregulated and that its oscillatory patterns are arrested in Hes7 null-mice. This suggests that the cyclic expression of nkd1 depends on the negative regulation, either directly or indirectly, by the Hes7 transcription factor.
nkd1 expression may be induced by Wnt signaling
In fly embryos lacking Wg, nkd transcription initiates normally but is not subsequently maintained (Zeng et al., 2000) . In human colon tumors, initiated by activated Wnt/ b-catenin signaling, hnkd (NKD1) expression is elevated and experimental reduction of b-catenin leads to a decrease in nkd1 mRNA (Yan et al., 2001b) . These findings suggest that nkd1 expression and/or maintenance depends on Wnt signaling. To determine whether Wnt signals affect nkd1 expression during somitogenesis, we investigated nkd1 expression in the Wnt3a hypomorphic mutant vestigial tail (vt) embryo. The Wnt3a coding sequence in the vt mouse is intact but its expression is markedly reduced in the tailbud from 9.5 dpc because of the mutation in the Wnt3a regulatory region (Greco et al., 1996) . In vt/vt embryos (nZ4), nkd1 transcription is greatly reduced in the middle PSM and tailbud regions (Fig. 5F ,G and data not shown) whereas expression levels in the neural tube and newly formed somites are normal (Fig. 5J) . The expression levels of L-fng, however, are not altered in vt/vt embryos (Aulehla et al., 2003) , although no oscillation is observed in these mutants. In the PSM, we have shown that nkd1 mRNA oscillations are produced by a similar mechanism to L-fng, via negative regulation by Hes7. However, the induction and/or maintenance of nkd1 transcription may require a different signal from L-fng, and we speculate that this is probably provided via Wnt3a. To further confirm this possibility, we have analyzed nkd1 expression in Dll1-null embryos. As shown in (Fig. 5K-N) , no reduction was observed, emphasizing that nkd1 expression itself is independent of Notch signaling. However, no clear oscillation was observed, which also suggests Notch-signal dependent oscillation of nkd1.
Taken together, our data suggest that a possible crosstalk between the Notch and Wnt signaling mechanisms and that Fig. 5 . nkd1 oscillation is arrested in Hes7-null mice and its expression decreases in vt/vt mice but not in Dll1-null mice. (A-E) nkd1 transcription was detected with an intron probe in either 11.5 dpc Hes7-null (A-C) or wild-type (D-E) littermate embryos. (F-I) nkd1 expression in vt/vt and wild-type embryos was detected using an intron probe. Uncx4.1 was used as an internal control. (J) nkd1 probe alone was used in the vt/vt embryo. In the PSM of vt/vt embryos, nkd1 mRNA is downregulated. The expression observed in the anterior PSM of wild-type embryo (arrowhead) corresponds to that of nkd1 since Uncx4.1 is expressed in the caudal portion of segmented somites. (K-N) nkd1 expression in Dll1-null and wild-type embryos showing unaltered levels. their reciprocal regulation might therefore be important for generating the cyclic waves required for refining somitogenesis.
Discussion
We have employed a cDNA subtraction method to isolate previously uncharacterized genes that either function downstream of Mesp2 and/or are specifically expressed in the PSM. We successfully isolated several genes that are putatively involved in somitogenesis, and among these we identified several Wnt-signaling related factors. The most abundant gene identified in our screen was LEF1, the expression of which is widely observed in the PSM but is detected at its strongest levels in the anterior PSM just prior to segment border formation. nkd2 is transcribed only in the middle PSM but we have demonstrated that nkd1 expression oscillates in the PSM during somitogenesis. These facts may indicate that Wnt signaling has an important role in somitogenesis, consistent with previous findings (Aulehla et al., 2003) .
It is generally believed that the spatial reiteration of somites is based on the periodicity generated by the molecular segmentation clock. Several Notch-signaling related factors are known components of the molecular clock during somitogenesis (Pourquié, 2001) . Additionally, mice lacking Notch-related factors fail to form regular somites, providing strong evidence that the molecular clock organized by Notch signaling is required for formation of the reiterated somite structure. One of the best characterized molecular clock components is Hes7 (Bessho et al., 2003) , the upregulation of which depends on Notch signaling. Both the auto-inhibitory activity and instability of the Hes7 protein are responsible for its oscillatory expression properties. Recently, it has been reported that Axin2 expression also oscillates and that Wnt3a is required for the oscillation of Notch signaling in the PSM, which lead to a postulated link between Wnt/b-catenin signaling and the segmentation clock (Aulehla et al., 2003) . However, the mechanisms underlying the regulation of these oscillations have not yet been determined.
We have found that nkd1 expression exhibits oscillation with a similar phase to L-fng during somitogenesis, and that this oscillation is arrested and the expression is upregulated in Hes7-null embryos. These observations strongly suggest that nkd1 transcription is suppressed by Hes7, with concomitant generation of its cyclic expression. To determine whether Hes7 can bind to the nkd1 enhancer directly, we attempted to find a Hes7 binding site upstream of the nkd1 gene. However, some of the 5 0 flanking sequences of nkd1 are absent from the databases and we have not yet fully sequenced the genomic region and so far not found any E-box or N-box sites within the available sequences. Future enhancer analysis of nkd1 will therefore be necessary to properly determine this possibility.
In the embryo of the Wnt3a hypomorphic mutant, vestigial tail, the expression of nkd1 is greatly reduced in the PSM. This suggests the possibility that Wnt signaling (mediated by Wnt3a) regulates the expression of nkd1 in the PSM. This would be consistent with previous reports showing that the maintenance of Drosophila nkd expression depends on Wg function (Zeng et al., 2000) and that activated Wnt signals induce elevated hnkd expression levels in human colon tumors (Yan et al., 2001b ). However, as the level of nkd1 expression is increased and the oscillation of nkd1 is disrupted in the Hes7-null mutant, this indicates that nkd1 is under the control of Notch signaling as mentioned above. Since Notch signaling is arrested in the absence of Wnt signaling, it was feasible that nkd1 oscillation would be arrested in vt/vt embryos. It is also possible that the reduction in nkd1 expression in vt/vt embryos is a direct effect of the lack of Wnt signaling or an indirect effect of arrested Notch signaling. However, we think the latter is unlikely since the level of nkd1 expression is unaltered in Dll1-null embryos. In the neural tube or in young somites, nkd1 is expressed even in the vt/vt mutant, which indicates that additional Wnt signals or possibly a different pathway may regulate nkd1 transcription in these regions.
The comparison between the expression domains of different cyclic genes is summarized in Fig. 6A . The nkd1 expression pattern is similar to that of both hes7 and L-fng, but is different from Axin2. The reason why Axin2 and nkd1 exhibit different expression patterns, irrespective of the fact that both appear to be induced by Wnt signaling, is currently unknown. One possibility is that nkd1, but not Axin2, oscillation is regulated by Notch signaling, which results in synchronization of nkd1 oscillation with Notch signaling. In other words, the initial induction of nkd1 might be induced by Wnt signaling but its regulation is under the control of Notch signaling. However, the expression patterns of Notch-related genes and Axin2 are not completely mutually exclusive. They appear to be alternate in the tailbud region but they do align in the anterior PSM where Mesp2 is expressed. Wnt3a appears to induce the expression of Axin2 directly, but Wnt3a mRNA is detected only in the tailbud (Aulehla et al., 2003) . Considering that Axin2 is expressed as a detectable band in the anterior PSM and that its expression is altered in Mesp2-null embryos, the expression pattern of Axin2 may be regulated by Mesp2 in the anterior PSM. The direct targets of Mesp2 have not yet been characterized but many genes that are expressed in the anterior PSM are affected (downregulated or anteriorly expanded) by Mesp2, including Notch1, Notch2, Fgfr1, Dll1, EphA4, Papc, Cer1 and L-fng (Saga et al., 1997; Takahashi et al., 2000; Nomura-Kitabayashi et al., 2002) . Among them, EphA4 is implicated in segment border formation and ectodermal signaling is also required for EphA4 induction (Schmidt et al., 2001) , which may suggest that downstream genes of Wnt signal from the ectoderm might interact with Mesp2 to induce EphA4. nkd1 is not expressed in the anterior PSM and its expression is regulated by Hes7, but not by Mesp2 (data not shown). There may be different gene regulatory mechanisms along the AP axis in the PSM, where the cyclic expression in the posterior PSM must be regulated by a clock mechanism, but expression in the anterior PSM may also be regulated by a different mechanism under the control of Mesp2. The link between these two mechanisms is currently unknown but the clock mechanism which is operated by both Wnt and Notch signaling may affect Mesp2 regulation.
nkd is a Drosophila segment polarity gene that encodes an antagonist of the Wnt signal, Wingless. It is known that mouse Nkd1 directly binds to Dishevelled (Dvl) (Wharton et al., 2001) and that Nkd1 antagonizes Wnt signaling in both Xenopus (Yan et al., 2001a) and Drosophila (Wharton et al., 2001) embryos. Thus, it is possible that the Nkd1 protein also functions as an antagonist of Wnt signaling in the PSM. Of great interest, therefore, is the exact function of Nkd1 during somitogenesis. Using luciferase reporter assays, it has previously been demonstrated that Axin2 is directly upregulated by Wnt/b-catenin signaling (Aulehla et al., 2003) . One possibility, therefore, for the function of Nkd1 is that, in mouse, it suppresses the transcription of Axin2 by antagonizing the Wnt signals, and hence, Nkd1 oscillations may contribute to the oscillatory expression of Axin2. To further address this question, it will be necessary to analyze the distribution of the Nkd1 protein and examine whether it has a sufficiently high turnover to generate such oscillatory expression patterns. However, both Axin and Nkd1 have been demonstrated to bind Dvl via its PDZ domain (Li et al., 1999; Seidensticker and Behrens, 2000; Yan et al., 2001a; Wharton et al., 2001) . Hence, if Axin2 can bind Dvl with a similar affinity as Axin, it may compete with Nkd1 for Dvl binding to initiate distinct functions. Alternatively, they may work co-operatively to suppress Dvl. The binding to Dvl not only affects Wnt signaling but also may affect Notch signaling since it has already been shown to bind the processed form of Notch receptor (NICD) (Axelrod et al., 1996) . It has also been reported that Dvl1/ Dvl2 double knockout embryos exhibit defects in somite segmentation (Hamblet et al., 2002) , which may suggest that regulation of Wnt signaling via Axin2 and /or Nkd1 is involved in segmental patterning. The link between Wnt and Notch signaling remains one of the central unsolved mechanisms underlying both the generation and regulation of the segmentation clock. Since nkd1 oscillation is Fig. 6. (A) A schematic diagram of the expression patterns of oscillatory genes in the PSM of 11.5 dpc embryos. PhaseI: Axin2, hes7 and L-fng show similar expression patterns in the tailbud and anterior PSM. nkd1 transcription is greatly downregulated in this phase. PhaseII: The expression domain of Axin2 is more extensive in the tailbud region. hes7, L-fng and nkd1 are all expressed in the same region of the middle PSM, whereas nkd1 is not detected in the anterior PSM in a band-like pattern. PhaseIII: Axin2 expression is downregulated in the middle PSM. Around S-1, the expression of all four genes overlaps. (B) Possible interactions between Notch and Wnt signaling. Our findings are integrated into the previously proposed schemes of Bessho et al. (2003) and Aulehla et al. (2003) . We propose that Wnt signaling may be regulated by Notch signals via the transcriptional regulation of nkd1 by Hes7. It has been reported previously that Wnt signaling may regulate Notch signaling via NICD inhibition by Dishevelled (Axelrod et al., 1996) . disrupted in Hes7-null mutants, there may be a negative feed-back loop between the Notch and Wnt signaling pathways and it is likely that their interaction is essential for the establishment of the molecular clock required for accurate somitogenesis (Fig. 6B ).
Experimental procedures
Experimental animals
Heterozygous Mesp2-mutant (Mesp2 C/K ) mice were intercrossed to obtain either homozygous, heterozygous or wild-type embryos in the same litter. The appearance of vaginal plugs was designated as embryonic day 0.5 (dpc). Homozygous Mesp2-null embryos were identified by a no segmentation phenotype, as described previously (Saga et al., 1997) . Hes7-knockout mice and Dll1-knockout mice were kindly provided by Yasumasa Bessho (Kyoto Univ. Japan) and Achime Gosller (Hanover Univ. Germany), respectively. Samples of vt/vt embryos were provided by Shinji Takada (National Institute for Basic Biology, Japan).
Preparation of subtractive cDNA libraries
As shown in Fig. 1 , total RNA isolates were prepared from two pieces of the dissected portions of either wild-type (WP: PSM of wild-type and WS: somite region of wildtype) or homozygous (HPS: PSM of Mesp2-null) 11.5 dpc embryos using Isogen (Nippon Gene, Japan). We utilized the subtractive hybridization method of Kaneko-Ishino et al. (1995) with slight modifications. Briefly, to generate tester cDNAs for subtraction, cDNAs were synthesized and amplified with the Smart cDNA Amplification Kit (Clontech, USA), whereas the driver cDNAs were generated using a cDNA Synthesis Kit (TaKaRa, Japan). Amplification of driver cDNAs was performed using a ligated linker (P-linker). A biotinylated P-primer, complementary to the P-linker, was used for the subsequent PCR (Kaneko-Ishino et al., 1995) .
PCR primer 5
0 -AAGCAGTGGTAACAACGCAGAGT-3 0 . P-linker 5 0 -GATTACTCGAGACTAATATC-3 0 ; 5 0 -pGATATTAGTCTCGAGTA-3 0 .
We constructed two libraries; one generated by subtraction between [WP] (tester) and [WS] (driver) to enrich for PSM genes, and a second synthesized by subtraction between [WP] (tester) and [HPS] (driver) to enrich for possible Mesp2 downstream genes. Tester cDNA samples (60 ng) were hybridized to biotinylated driver cDNAs (1.2 mg) (the ratio was increased to 1:100 in the case of the second and third subtractions). After ethanol precipitation, total cDNAs were subjected to absorption by 4 mg of Dynabeads M-280 conjugated to streptavidin (Dynal). The remaining cDNAs were amplified by PCR.
One half of each sample was used for the subsequent subtraction steps, and the cDNA isolates that were obtained after three consecutive subtractions and PCR amplifications were cloned into the pCRII vector using a TA Cloning Kit (Invitrogen). We designated these subtractive libraries as the PTS library for [WP] and [WS] , and as the ST library for [WP] and [HPS] .
Sequencing and computer analysis
cDNA clones that were randomly selected from both of the subtractive libraries that we generated, 406 and 636 clones from PTS and ST, respectively, were partially sequenced and analyzed using the BLAST program through the National Library of Medicine and Celera databases. Only novel clones were further screened by ISH. The numbers of selected clones were 251 and 280, for PTS and ST, respectively.
Screening by in situ hybridization
The basic method used for whole mount ISH has been described previously by our laboratory (Saga et al., 1996) , although for this study automated ISH was employed (InsituPro, M&S Instruments Trading Inc. Japan). The tail regions, containing both somite and PSM of 11.5 dpc embryos, were used in these analyses. RNA probes were generated by transcription, with either T7 RNA polymerase or SP6 RNA polymerase, of template DNAs prepared by PCR using M13 specific sites within the vector. M13 reverse primer: 5 0 -CAGGAAACAGCTATGAC-3 0 ; M13 forward primer: 5 0 -GTAAAACGACGGCCAG-3 0 .
Whole-mount in situ hybridization probes
A BamHI-PstI 429 bp fragment of nkd1 cDNA was used as an nkd1 exon probe. As nkd1 intron probes, we utilized a mixture of two genomic fragments; the XbaI 1.3 kb fragment in intron 4 and the NcoI 1.4 kb fragment in intron 6. For Axin2 hybridization, we amplified a 1360 bp PCR fragment from the coding region of this gene from a PSM cDNA library (Ohara et al., 2002) using the forward primer 5 0 -GTCTGGAGGAGCGGCTGCAGCAGATCCG-3 0 and reverse primer 5 0 -CAAGGCTCAGTCGATCCTCTC-CACTTTGC-3 0 .
In vitro explant cultures
In vitro explant culture was performed as previously described (Takahashi et al., 2000) . The tail regions of ICR embryos (11.5 dpc) were bisected at the midline with either a tungsten or ground sewing needle. One half was fixed immediately and the other was cultured for either 60 or 120 min. After culturing, specimens were fixed and used for subsequent ISH analysis.
